Purpose -to introduce the Innovative Electronics Manufacturing Research Centre (IeMRC) Flagship Project: Integrated Optical and Electronic Interconnect PCB Manufacturing (OPCB), its objectives, its consortium of 3 Universities and 10 companies and to describe the university research being carried out. This paper briefly reviews the motivation for developing novel polymer formulations, fabrication techniques, layout design rules and characterisation techniques for hybrid electronic and optical printed circuit boards using multimode polymer optical waveguide interconnects.
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Introduction
At high bit rates copper tracks in printed circuit boards suffer severe loss and pulse distortion due to radiation of electromagnetic waves, dispersion and bandwidth limitations. The loss can be overcome to some extent by transmitting higher power pulses, by changing the dielectric constant and loss tangent of the PCB substrate material. However, high power pulses consume power and can cause electro-migration which reduces the board lifetime although the copper tracks can be surrounded by another metal to prevent this at the expense of further processing steps. The use of special board material can be costly and some materials containing high dielectric constant crystallites can cause poor adhesion. The pulse distortion, dispersion and bandwidth limitations can be overcome to some extent by the use of pulse pre-emphasis and adaptive equalisation at further cost. Electromagnetic waves are radiated efficiently at high bit rates removing power from the track so causing loss, but more importantly they are also received efficiently by other nearby and distant copper tracks on the same PCB, or on adjacent PCBs, or PCBs and other electrical conductors outside of the system enclosure. This EMI crosstalk causes increased noise and so degrades the signal to noise ratio and the bit error rate of the copper track interconnections. Therefore, the main forces driving the development of alternative interconnect technologies are the EMI crosstalk which becomes increasingly more serious as bit rates increase for longer and denser interconnects, and secondly the cost of overcoming the other problems that occur in copper interconnects at high bit rates.
Optical fibres have replaced copper cables for long distance, backbone and submarine applications where they offer wide bandwidths for low loss, produce and receive no electromagnetic interference, and are relatively low cost. Optical interconnects are beginning to penetrate the markets at shorter distances such as in local area networks and as their cost is reduced, will be used within the system enclosure. The use of optics is expected to occur first where the problems for copper are most significant which is for high bit rate, dense interconnections in large area backplanes within non-conducting enclosures. Optical fibres are not the most convenient for interconnections within a system as they can only bend through a large radius of about 10 cm otherwise light escapes from the fibre core into the cladding resulting in loss and signal corruption. Fibre connectors form a major part of the cost of the optical interconnect and a system with many fibres has many costly connectors. The fibres must be individually routed and errors in routing are time consuming to debug and correct. The fibres can be laid flat on the PCB plane and even bonded together within an epoxy layer, but this is not suited to low cost mass production. An alternative technology suitable for low cost mass production is that of multimode polymer buried channel optical waveguide interconnections within layers in the multilayer PCB formed by the same or slightly modified processes already available within PCB manufacturers. Copper tracks are still required in such substrates to transmit power through the backplane (or motherboard), Figure 1 , in order to power mezzanine (or line, or drive, or daughter) boards and copper is still a practical and low cost option at low data rates. Hence there is a need to develop a new type of multilayer hybrid PCB in which optical waveguide interconnects are used for the highest data rates with copper tracks for lower data rates and for power lines and earth planes. The consortium companies represented a complete supply and manufacturing chain and route to market for the polymer waveguide technology including companies manufacturing PCB layout tools, computer programs for modelling the behaviour of multimode waveguides, developing and supplying low loss polymer formulations, manufacturing multilayer PCBs, supplying printer fabrication equipment together with end user system companies who require optical printed circuit boards. The following sections describe the project's objectives, the approaches being taken and some examples of what has been achieved so far in the project with an indication of future directions.
The OPCB Project's Objectives
This three-year research project is exploring novel methods, compatible with traditional multilayer PCB manufacturing processes, for the manufacture of optical waveguides capable of operating at very high data rates within an optical layer in the PCB. Several process routes are under investigation, each with different levels of risk and cost. In addition, modifications are being researched for commercial computer aided design software for PCBs to allow them to also layout optical waveguide patterns. The detailed objectives are:
(a) To establish waveguide design rules for several different manufacturing techniques and to incorporate them into commercial design rule checker and constraint manager layout software for printed circuit boards so that PCB designers can easily incorporate optical connection layers without detailed knowledge of the optics involved. To investigate and understand the effect of waveguide wall roughness and cross sectional shape on the behaviour of light and the effect on waveguide loss.
(b) To develop low cost manufacturing techniques for integrated Optical and Electronic interconnected Printed Circuit Boards, OPCBs. To develop and to compare the commercial and technological benefits of several optical printed circuit board manufacturing technologiesphotolithography, direct laser-writing, laser ablation, embossing, extrusion and ink-jet printing -for high data rate, small and large (19"), rigid and flexible, printed circuit boards so that it will be clear which technology is best for each type of PCB. To characterise the behaviour of optical waveguide (c) To design a commercial, low cost, optical connector (dismountable, passive, self-aligning, midboard) as the next stage from the prototype demonstrated in an earlier project (Storlite Project). To develop novel connector designs suited for interfacing flip chip lasers and photodiodes to OPCBs, and OPCBs to OPCBs through a right angle connector.
The Consortium
The consortium consists of 3 universities and 10 companies. Dave Milward of Xyratex Technology acts as Industrial Project Manager, while David R. Selviah of UCL is the project Technical Leader. The funding for the project is provided by EPSRC through the IeMRC and by the consortium industrial partners amounting to a total of £1.3 million over 3 years. The EPSRC funding is divided between the three universities who carry out the bulk of the research described in subsequent sections.
Waveguide Layout, Modelling and Characterisation
University College London (UCL) lay out waveguide test patterns and system demonstrator waveguide interconnection patterns using modifications they have made to Cadence software layout tools. Their experimental measurements of these waveguide components after fabrication, Figures 2 and 3 , in various polymers using a range of fabrication techniques are compared to their computer modelled results to gain a detailed understanding of the physical behaviour of coherent light in multimode waveguides and so to establish design rules [2] [3] [4] [5] [6] [7] [8] [9] [10] . Figure 4 shows an example of the modelled field in a multimode waveguide bend. A novel theory is being developed for analysing the effects of waveguide side-wall roughness. Low cost, self-alignment techniques are being developed for use in optical connectors for aligning lasers and photodiodes to waveguide end facets and the misalignment tolerances are being assessed. UCL as lead university forges international links with other waveguide researchers such as in their recent mutually beneficial visit to IMEC -Ghent University, TFCG Microsystems, Belgium and promote and disseminate their own [2] [3] [4] [5] [6] [7] [8] [9] [10] and the consortiums results [13] [14] via a range of international conferences and journal articles.
Laser Direct Writing of Waveguides
Heriot-Watt University [11, 12] has previously developed a direct UV-laserwriting technique so as to form multimode polymer waveguides. In the OPCB project, the key aim is to explore how these techniques can be extended to suit optical backplane applications -both in the context of scale and manufacturability. Fabricating waveguides over metre-scale boards requires not just the ability to write over large areas but also, if production time is to be minimised, faster writing speeds -e.g.> 50 mm/s. The HWU group has set up a laser-writing facility capable, in principle, of operating over an area 300 mm x 600 mm at up to 1 metre/sec. Using this system they have been working on the challenge of writing well-defined, low-loss waveguides very much faster than the 100 μm/s write speeds typically used in previous work, Figure 5 . Using laser spots with tailored intensity profiles and an optimised photopolymer formulation, recent results have demonstrated speeds of around 50 mm/s, for writing 50 μm multimode acrylate waveguides. Both straight and curved guides can be fabricated. The HWU group is also exploring fabrication techniques by which their proven techniques for creating embedded 45º out-of-plane mirrors, Figure, 5 , can be made compatible with large board processing.
Laser Ablation and Inkjet Printing of Waveguides
Loughborough University are investigating the laser ablation of polymer materials to form waveguides (figure 6). Two routes are being investigated: the first involves the use of a commercial Nd:YAG system based at an industrial partner to machine waveguide structures. This method is attractive as it is utilising equipment already established in PCB manufacturing facilities for the drilling of microvias and therefore would not require additional capital investment. The effect of machining parameters on the depth and speed of ablation is being investigated, together with wall roughness. The second approach considers the use of an excimer laser to form waveguides, however as this type of laser can use a mask projection technique to shape the beam spot, the fabrication of more complex 3D terminations such as curved mirrors at the end of the waveguides is also being investigated.
A significant aspect of the research at Loughborough covers the use of ink-jet printing to deposit polymer waveguide materials. This has the potential to enable fast printing over large areas. For ink jet fabrication, a potential process route is expected to consist of the initial deposition of a cladding material layer, onto which the core material is jetted to create the appropriate waveguide structure. This will then be enclosed in a further layer of cladding. In order to create core structures with appropriate dimensions and cross-section, the viscosity and surface tension of the jettable core material is crucial in achieving optimum results. Furthermore, the interaction of the ink-jetted material with the substrate is key in determining the wetting behaviour and the stability of the liquid as-deposited structure. Figure 7 shows a line of UV cure optical waveguide material ink jet deposited onto a glass substrate for which surface modification was carried out to control the wetting, enabling a feature approximately 75 m wide and 15 m high to be formed.
Conclusions
The research being carried out within the IeMRC OPCB project by the 13 member consortium addresses a wide range of problems that need to be solved before multimode polymer waveguide technology becomes widely available. The research ranges from formulation of novel polymers to development of new processes and methods for deposition and patterning of the materials suitable for large area substrates and applicable to PCB manufacturing environments. The characterisation and modelling of these structures will lead to the establishment of design rules for optical waveguide components such as bends and tapers which can be implemented within design and layout software tools, further aiding the uptake of this technology. Further details of the research can be found in [13] [14] [15] [16] . 
